Abstract
Introduction
Aortic coarctation is a congenital stenosis located in a juxta-ductal position of the aortic arch. Patients with aortic coarctation need surgical reconstruction or a catheter intervention (older children and adults) of their aortic arch. It is well known that subsequent cardiovascular complications have been frequently encountered despite an apparently successful surgical repair of the aortic coarctations [1] [2] [3] [4] [5] . Although many of the complications are related to anatomical problems (restenosis, aneurysm formation, and so forth), there are some complications that are not directly related to the morphological problems of the reconstructed aorta. One of the complications is the early onset of cardiovascular diseases (hypertension, myocardial infarction, cardiac failure, and sudden death) [6] [7] [8] . It has been reported that these problems can even occur in patients with a completely satisfactory aortic arch repair. Cohen et al. [4] demonstrated that the most important predictor of long-term survival and hypertension in patients after aortic coarctation repair was the age at the time of the initial repair. These findings suggest that preoperative cardiovascular damage might have some unfavorable effects on the patient's postoperative condition. However, O'Sullivan et al. [8] reported that a high proportion of patients after an early and successful repair of aortic coarctation also showed hypertension. To explain this phenomenon, many hypotheses have been proposed, but it remains controversial.
Our studies have addressed this problem, and findings suggest that enhanced pressure wave reflection has a negative impact on patients after aortic arch repair. In this review, I will present features of pressure waveforms in patients after aortic arch repair and try to clarify the cause of cardiovascular diseases in patients after aortic arch repair based on pressure waveform analysis.
Enhanced Aortic Pressure Wave Reflection in Patients after Aortic Arch Repair
An aortic pressure waveform is composed of 2 pressure waveforms -a forward pressure waveform and a backward pressure waveform (a reflected pressure waveform) ( Fig. 1 ) . The forward pressure wave is generated by a left ventricular ejection, while the backward pressure wave is the sum of the pressure wave reflections. The pressure wave reflection causes an aortic pressure augmentation and is a physiologically important phenomenon, because the reflected pressure wave enhances coronary blood supply. However, it is well known that an excess of aortic pressure augmentation increases the risk of cardiovascular diseases [9] [10] [11] [12] . The pressure wave reflections arise from discontinuities in the elastic properties along the arterial tree in which there is a change or mismatch in impedance [13] . In a normal aortic tree, it is reported that a reflecting point that represents the integrated pressure wave reflections exists around the region of an aortic bifurcation [9] . The reflected pressure wave returns to the heart during diastole (i.e., after a closure of the aortic valve) in young people, because of their slow pulse wave velocity. Therefore, the reflected pressure wave which returns to the ascending aorta during diastole enhances coronary perfusion by pushing the blood stored during systole in the aorta. With aging, the pulse wave velocity gradually increases, which means the early return of the reflected pressure wave (in systole), which impairs the arterial and ventricular functions. The opposite directional reflected pressure wave that returns to the heart in systole interferes with the left ventricular ejection and increases the workload of the left ventricle. In order to quantify the pressure wave reflection, an augmentation index is calculated ( Fig. 1 ) . The augmentation index is defined as the ratio of the augmentation pressure to the pulse pressure. The inflection point of the pressure waveform is defined as the timing with the peak flow velocity or obtained by the fourth derivative of the original pressure waveform. Besides the pulse wave velocity, many factors can influence the augmentation index. The distance from the heart to the inflection point is one of the important determinants of the augmentation index. It is reasonable that a short propagation distance means an early return of the reflected pressure wave. Practically, it has been reported that the augmentation index is high and inversely related to height in children [14] . When there is a strong inflection point closer to the heart than the normal inflection point (i.e., aortic bifurcation), the augmentation index measured at the ascending aorta should theoretically be high.
In patients after aortic coarctation repair, it is well known that the distensibility of the reconstructed portion is decreased [15, 16] . Because wave reflections arise from discontinuities in the elastic properties along the arterial tree in which there is a change in impedance, the reconstructed aortic portion could generate a new reflection pressure wave that traveled backward toward the ascending aorta. We previously reported the characteristics of the aortic pressure waveform, which was recorded using a pressure sensor-mounted catheter, in 20 patients after aortic arch repair compared to patients with a normal aortic arch [17] . In the paper, the pressure waveform during a pullback of the catheter from the ascending to descending aorta in a patient after aortic arch reconstruction showed that the repaired site Pressure waveform in a 6-year-old subject with a normal aortic arch and a 6-year-old patient with aortic coarctation after a successful repair. In the normal aorta, the augmentation index of the ascending aortic pressure waveform is smaller than that of the descending aortic pressure waveform. On the other hand, the ascending aortic pressure waveform is almost identical to the descending aortic pressure waveform in patients after aortic arch reconstruction.
generates a new pressure wave reflection. Moreover, the heart rate-corrected augmentation index measured in the ascending aorta was high in comparison to that in age-matched subjects with a normal aortic arch (28.2 ± 17.1 vs. 1.4 ± 12.2%, p = 0.0001), while the index measured in the descending aorta showed no difference between the patients after aortic arch repair and the control subjects ( Fig. 2 ) .
Loss of Pressure Amplification in Patients after Aortic Arch Repair
It is well known that the peripheral pulse pressure is larger than the central pulse pressure, and this phenomenon is called pulse pressure amplification [18] . It has also been reported that the low pulse pressure amplification has a negative impact on total mortality and cardiovascular events [19, 20] . Concerning the mechanism of the pulse pressure amplification, it has been implicated that a pressure wave reflection plays an important role. As described above, the aortic pressure waveform is composed of 2 pressure waveforms and the reflected pressure wave returns earlier in a cardiac cycle at the descending aorta than at the ascending aorta. This means that the time difference between a forward and backward (the reflected pressure wave) pressure wave arrival in the descending aorta is smaller than that in the ascending aorta. As a result, the pulse pressure of the composed pressure waveform in the descending aorta is larger than that in the ascending aorta. In an aorta with arteriosclerosis, the pulse wave velocity elevates. It means an earlier return of the reflected pressure wave, and a decreased time difference between the arrival of the forward and backward pressure (the reflected pressure wave) in the ascending aorta. Therefore, the pulse pressure amplification becomes small in patients with arteriosclerosis, which is one of the reasons why the low pulse pressure amplification has a negative impact on total mortality and cardiovascular events.
Because the aorta in patients after aortic arch repair has a new pressure wave reflection point closer to the ascending aorta than in a normal aorta, the time difference between the arrival of the forward and backward pressure wave in the ascending aorta should be small in comparison with that in a normal aorta. Therefore, the ascending aortic pulse pressure in patients after aortic arch reconstruction should be wider than that in subjects with a normal aorta. This means that their pulse pressure amplification is decreased. To test this hypothesis, we measured pulse pressure in 15 children after aortic arch repair, using a pressure sensormounted catheter, and compared it with that in age-matched patients with a normal aortic arch [21] . The ascending aortic systolic blood pressure was higher (106.1 ± 12.7 vs. 97.9 ± 14.3 mm Hg, p = 0.015) and the pulse pressure was wider (41.3 ± 7.8 vs. 36.4 ± 5.0 mm Hg, p = 0.010) in patients after aortic arch reconstruction than in the age-matched controls with a normal aortic arch, while there were no differences in those parameters in the descending aorta. In the control subjects with a normal aortic arch, the pulse pressure in the descending aorta was larger than that in the ascending aorta (pulse pressure amplification) (40.5 ± 6.5 vs. 36.4 ± 5.0 mm Hg, p < 0.0001). However, there was no difference in pulse pressure between the ascending and descending aorta in patients after aortic arch repair (41.3 ± 7.8 vs. 41.0 ± 7.7 mm Hg, ns). The pulse pressure amplification in the patients after aortic arch reconstruction, which was defined as the pulse pressure in the descending aorta minus that in the ascending aorta, was significantly lower than that in the control subjects with a normal aortic arch (-0.3 ± 1.7 vs. 4.1 ± 2.9 mm Hg, p < 0.0001). The loss of pulse pressure amplification in patients after aortic arch repair could be one of the causes of their frequent cardiovascular disease.
Enhanced Aortic Pressure Wave Reflection and Its Influence on the Left Ventricle
As mentioned above, in patients after aortic arch repair, the reconstructed site in the aortic arch generates a new pressure wave reflection and enhances aortic pressure augmentation. We previously examined the influence of the enhancement of a pressure wave reflection on patients' left ventricles. We measured the augmentation index in 61 pediatric patients with a normal aortic arch using a pressure sensor-mounted catheter and clarified the relationship between their augmentation index and height [14, 22] . Using this relationship, we calculated the increment of the augmentation index in 19 patients after aortic arch reconstruction [22] . The increment of the augmentation index in patients after aortic arch repair had a significant correlation with left ventricular posterior wall thickness ( r = 0.4075, p = 0.0373). Therefore, the enhancement of the pressure wave reflection in patients after aortic arch repair could cause left ventricular hypertrophy. Moreover, we examined the serum concentration of the procollagen type III amino-terminal peptide in the patients in order to examine myocardial fibrosis [23] . In pathological left ventricular hypertrophy, myocardial fibrosis occurs. Myocardial fibrosis is quite commonly observed in patients with hypertension and one of the most important independent risk factors for cardiovascular mortality and morbidity. The procollagen type III amino-terminal peptide is one of the biomarkers for myocardial fibrosis. The serum concentration of the procollagen type III amino-terminal peptide in patients after aortic arch repair was elevated and had a significant correlation with their left ventricular mass ( r = 0.63, p < 0.01). These results suggest that left ventricular hypertrophy induced by the enhancement of the pressure wave reflection in patients after aortic arch repair leads to pathological left ventricular hypertrophy and could be one of the causes of cardiovascular diseases.
Pressure Wave Refection in Patients after a Catheter Intervention
As is evident from the above, surgical reconstruction of aortic arch could generate a new pressure wave reflection. Then, does a catheter intervention for an aortic coarctation generate a new pressure wave reflection? We previously analyzed the pressure waveforms in patients with coarctation of the aorta after balloon dilation [24] . In the paper, the augmentation index measured just proximal to the dilated portion in the aortic arch was larger than the index at the descending aorta, although there was no difference between the systolic blood pressure in the ascending and that in the descending aorta. This result means that the reconstructed portion by the balloon angioplasty could also generate a new pressure wave reflection. Further analysis of the pressure waveform in patients after balloon dilatation or stent implantation in the aortic is needed in order to clarify the pressure wave reflection of the patients after aortic coarctation after catheter interventions.
We studied the pressure waveform in patients after aortic arch repair focusing on the pressure wave reflection. Recently, researchers in other institutes have also become interested in the analysis of the pressure waveform after aortic arch reconstruction [25] . I hope many investigators will participate in the study of this area and clarify the mechanism of cardiovascular disease in patients after aortic arch repair.
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